The results of first principles calculations of band structure, density of states, and electron density topology of alkali metal oxalates are presented. The calculations have been carried out with WIEN2k ab initio program, using highly precise full potential linearized augmented plane wave method within density functional theory formalism. Calculated total electron density has been used in calculations of its topological properties (according to Bader's quantum theory of atoms in molecules formalism) and Cioslowski and Mixon's topological bond orders. The obtained results show important similarities between electronic structure and electron density topology for all analyzed structures with electronic structure close to Fermi energy typical for ionic compounds and bonding which is mainly covalent within the oxalate anion (with partly ionic character of carbon-oxygen bonds) and strongly ionic between oxalate anion and cationic sublattice. These results have been used as a basis for theoretical analysis of thermal decomposition process described in detail in part II of this paper (where also the results of additional calculations of atomic and bond valences, bond strengths and strains are presented).
Introduction
Anhydrous alkali metal oxalates M 2 C 2 O 4 form an interesting group of compounds with very similar layered crystal structures and well-defined oxalate anions as an independent entity surrounded by metallic cations, decomposing thermally-unlike transition metal oxalates-via two step process with respective carbonate as transition product [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] :
Despite many experimental results available, there is still lack of consistent theoretical description and explanation of the pathways of thermal decomposition of these compounds. One can expect, however, that the crucial role here is played by the properties of electronic structure and chemical bonding. Thus theoretical studies of fundamental features of electronic structure, total electron density (topological analysis), and chemical bonding (bond order, bond valence, bond strains, etc.) carried out for this group of compounds should, in principle, allow explaining the observed pathway of thermal decomposition process (or at least provide some important information about the relations between electronic and crystal structure and bonding properties and pathway of thermal decomposition process).
Recently, in a series of papers [13] [14] [15] [16] [17] [18] [19] , we have proposed theoretical approach, based on the topological analysis of electron density (Bader's Quantum Theory of Atoms in Molecules [20] formalism) obtained from first principles FP-LAPW calculations and structural and bonding properties-bonds valence, bond strength and stresses associated with deviation of given structure from ideal one (Brown's Bond Valence Method [21] founded on Pauling's ''electrostatic valence rule'' [22] mostly for transition metal oxalates suggest that such approach can give us additional insight into the thermal decomposition process and help not only to explain thermal decomposition path in given oxalate, but also-to some extent predict such most probable path for the compounds for which experimental results are unavailable.
In this paper, the results of similar analysis, carried out for alkali metal oxalates, are presented (methods used for the calculations and analysis have been described in detail in [13, 14] ). The paper is divided into two parts-first one devoted to electronic structure and electron density topology analysis and the second to bonding properties and thermal decomposition process analyzed in the light of entirety of the obtained results.
Computational details
The electronic structure calculations for anhydrous alkali metals oxalates have been performed using WIEN2k FP-LAPW (Full Potential Linearized Augmented Plane Wave Method) package [23] , within Density Functional Theory (DFT) formalism [24] [25] [26] [27] [28] [29] . All calculations have been carried out for five different oxalates (Li, Na, K, Rb, Cs). In case of rubidium oxalate, respective calculations have been done for two phases (a and b). The following parameters have been used in calculations: 500 k-points, cut-off parameter Rk max = 7.5, GGA-PBE exchange-correlation potential [30] , the values of muffin-tin radii (R i ) [a.u.]: Me, 1.7; O, 1.17; C, 1.17 (except for both rubidium oxalate phases for which we've chosen R i = 1.12 for oxygen and carbon atoms to avoid sphere overlapping, forbidden in this method) and the convergence criteria for SCF calculations set to DE SCF 10 À5 Ry for total energy and Dq SCF 10 À5 e au
À3
for electron density topology analysis. The crystal structure parameters used in calculations are listed in Table 1 .
Crystal structure of anhydrous alkali metal oxalates
Four of the structures analyzed in this paper exhibit monoclinic symmetry P2 1 /c, SG no. 14 (Li, Na, a-Rb, Cs oxalates) while the remaining two (K, b-Rb) have orthorhombic symmetry Pbam, SG no. 55 (since detailed pictures of all of these structures can be found in [31] , due to space limitation, they are not repeated here and only local environments of oxalate anions in all six structures with respective bond labels used in the following analysis are presented in Fig. 1 -for potassium and b-rubidium as well as for arubidium and cesium anhydrous oxalates, these data are identical, thus only one picture for each pair is shown). The structure of anhydrous lithium oxalate consists of strongly deformed tetrahedral LiO 4 , connected alternately via corners to form chains which, in turn, are connected to each other by oxalate anions. Locally, every LiO 4 tetrahedron is surrounded by three (two uni-and one bidentate) oxalate groups. Anhydrous sodium oxalate structure can be depicted as double chains formed by edge sharing, deformed NaO 6 octahedra (each octahedron within given chain shares one edge with its neighbors and two with octahedra in adjacent chain). Every such double chain is connected with four neighboring double chains by means of common corners of respective octahedra. All oxalate anions are built into existing channels within such substructure formed by octahedra. Locally, each pair of octahedra is surrounded by six (four uni-and two bidentate) oxalate anions. As a result, every octahedron is surrounded effectively by five (four uni-and one bidentate) oxalate anions, and each oxalate anion is surrounded by six octahedra.
Anhydrous potassium and b-rubidium oxalates have identical crystal structures which can be described as double chains parallel to z axis, built from deformed, face sharing KO 8 (b-RbO 8 ) cubes. These double chains are connected with four similar neighboring double chains via shared edges creating spatial channel network, filled with oxalate anions. Each pair of cubes is surrounded by eight (for uni-and four bidentate) oxalate anions; each cube is effectively surrounded by six oxalate anions, while every oxalate anion is surrounded by 12 cubes.
Similarly, the last two structures (a-Rb and Cs anhydrous oxalates) are identical and have monoclinic symmetry. The main difference in comparison with lithium and sodium oxalates is the spatial conformation of oxalate anions, which are, here, not planar, but COO -groups are perpendicular to each other (this is the preferred conformation for isolated anion, as predicted from ab initio calculations). What is more, these structures are significantly more complex than those described above for lithium and sodium oxalates and can be described as layers perpendicular to x axis, connected by oxalate anions.
Results

Electronic structure
The total and partial densities of states calculated for all structures under study are presented in Fig. 2 . Due to paper size limitations, there is no place for detailed analysis of the obtained electronic structures (such an analysis will be published elsewhere), but one can easily see that in all cases, DOS and PDOS-es are quite similar, with sharp peaks (indicating small dispersion of respective energy bands) which are typical for ionic structures. Almost all states are filled mutually exclusively by electrons originating from alkali metal cations and-together-carbon and oxygen. This indicates that there are, in fact, no significant orbital overlapping and bond forming between alkali metal cations and oxygen atoms. On the other hand, oxygen and carbon states overlap significantly, indicating strong bonding. From these results, the following picture emerges: oxalate anions are independent, well-defined entities with covalent and ionic-covalent bonds between carbon-carbon and carbon oxygen atoms, respectively, interacting by means of the electrostatic forces with cationic sub-lattice.
Electron density topology
The total electron density obtained in SCF calculations has been used in topological analysis carried out within Bader's Quantum Theory of Atoms in Molecules formalism.
According to Bader's formulation, every bond critical point BCP, can be described by its position, electron density in this point, Hessian matrix eigenvalues k 1 , k 2 , k 3 , and Laplacian r 2 q(r), defined as a trace of Hessian matrix. The negative values of the Laplacian (r 2 q(r) \ 0) are characteristic for covalent bonding (charge is concentrated between bonded atoms), while positive ones are characteristic for ionic bonding (charge depletion in bond region). In addition, bond ellipticity defined as e = |k 1 /k 2 -1|, measures how much the bond is elongated in e 1 direction, compared to e 2 -large value of ellipticity indicates that bond has a significant p-character. Bader introduced also the concept of local electronic energy density H e ðrÞ ¼ GðrÞ þ VðrÞ, which can be expressed in terms of electrostatic potential, electron density and its Laplacian only, by the formula H e ðrÞ ¼ 1 = 2 ½VðrÞ þ 1 = 4 r 2 qðrÞ (where values of potential and Laplacian are expressed in atomic units). The sign of H e ðrÞ uniquely indicates whether the kinetic or potential energy dominates in a given region in space-negative value of H e ðrÞ means that the potential energy dominates and the accumulation of electrons is stabilizing in this region of space (this immediately implies that the condition r 2 qðrÞ [ 0 for the inter-nuclear space is not sufficient for a system to become unbounded, since the electron energy H e ðrÞ can still be negative in case of sufficiently strong electrostatic potential here [32] ). The resulting topological properties of bond critical points calculated for all studied structures are presented in Tables 2, 3 , 4, and 5. In addition, in Table 6 , the analogous data averaged over the same bond type are presented. One can easily see from these data, that in all of these structures, bonds can be divided into three separate groups possessing different properties: C-C bonds (covalent; high value of electron density in bond critical point and highly negative value of Laplacian-high charge concentration in bond region), C-O bonds (covalent with some ionic character (high electron density in bond critical point located off-center of the bond, highly negative value of Laplacian), and very weak closed shell ionic bonds between oxygen atoms and alkali metal cations (small electron density in critical point, high positive value of Laplacian indicating charge depletion). Tables 2, 3 , 4, and 5 allow us to draw the conclusion that within an oxalate anion which interacts by electrostatic forces with alkali metal cations sub-lattice, the bonds between carbon and oxygen atoms are the strongest one in the structure, alkali metal-oxygen bonds are much weaker and carbon-carbon bonds are the weakest ones (this is confirmed by bond valence analysis presented in part II of this paper [36] where detailed analysis of the entirety of obtained results carried out from the point of view of thermal decomposition process is presented as well). The averaged values of topological properties of particular bond types in all analyzed structures presented in Table 6 show significant similarities of these properties, despite obvious differences due to respective cation properties and resulting size of cationic sub-lattice. Calculated net charges presented in Table 7 are qualitatively and quantitatively similar as well. This suggests strongly that one can expect very similar (or even the like) pathways of thermal decomposition process for all these anhydrous oxalates, which is confirmed by the experimental findings.
Summary
The results presented in this part of our paper show that electronic structure calculated by means of DFT FP-LAPW WIEN2k package and topological properties obtained from total electron density using Bader's QTAiM formalism are very similar in all six structures studied, despite the fact that two of them have different symmetry, and even if the symmetry of the remaining four structures is the same, they differ in pairs according to oxalate anion spatial conformation. Electronic structures of these compounds are typical for ionic compounds, with sharp peaks in density of states indicating very small energy bands dispersion and almost entirely mutually exclusive occupation of energy states by alkali metal cations and electrons originating from oxalate anion constituents (carbon and oxygen atoms). On the other hand, the same states are co-occupied by carbon and oxygen 2s and 2p electrons, which is consistent with a picture of bonding within oxalate anion emerging from topological analysis. What is more, the respective DOS-es show significant changes in energy states occupied by alkali metal electrons, unlike in states occupied by carbon and oxygen atom electrons. This suggests that oxalate anions are well-defined entities with properties highly independent from the cationic sub-lattice. Nevertheless, one should keep in mind that ab initio calculations show that relaxed structure of oxalate anion is thermodynamically most stable, when COO -groups are not planar (D 2h symmetry), but perpendicular to each other (D 2d symmetry), as it is the case for cesium and a-rubidium anhydrous oxalates. This suggests that one cannot ignore Respective symbols used here are described in Table 2 Respective symbols used here are described in Table 2 entirely the influence of cationic sub-lattice, but this influence is in fact small and decreasing with increasing size of respective alkali metal cation, where such influence became negligible.
The analysis of topological properties of electron density shows that in case of all structures studied, we can distinguish three independent classes of bonds, namely covalent C-C bonds, covalent with some ionic character Respective symbols used here are described in Table 2   Table 6 Topological properties of bond critical points (electron density and its Laplacian at bond critical point), averaged over particular bond type in the structure, calculated for X 2 C 2 O 4 (X = Li, Na, K, b-Rb, a-Rb, Cs) Theoretical studies of anhydrous alkali metal oxalates 1397 C-O bonds, and mainly ionic Me-O bonds, where Me = Li, Na, K, b-Rb, a-Rb, Cs. Carbon-carbon bonds are much weaker than C-O bonds and in the light of the high flexibility in spatial position and orientation of entire oxalate anion due to its electrostatic interaction with cationic sublattice, one can safely assume that during thermal decomposition process, carbon-carbon bond will break as the first one which will lead to partial structure reconfiguration and strain relaxation and to loosening and weakening of ionic bonds between respective oxygen atoms and alkali metal cations. Thus-due to the thermally activated oscillations and rotations of COO -groups-this will allow forming of thermodynamically unstable [OCOCO 2 ]
22 transition structure, which should afterward decompose to energetically stable CO 3 2-anion and electrically neutral carbon oxide (II) molecule. In the second part of this paper, we will present the results of structural and bonding properties analysis performed within Bond Valence Method formalism and detailed analysis of the entirety of results presented in both parts of this paper concerning structural and bonding properties of anhydrous alkali metal oxalates under study and their relations to thermal decomposition of these compounds.
